Rad52 plays a pivotal role in double-strand break (DSB) repair and genetic recombination in Saccharomyces cerevisiae, where mutation of this gene leads to extreme X-ray sensitivity and defective recombination. Yeast Rad51 and Rad52 interact, as do their human homologues, which stimulates Rad51-mediated DNA strand exchange in vitro, suggesting that Rad51 and Rad52 act cooperatively. To define the role of Rad52 in vertebrates, we generated RAD52 ؊/؊ mutants of the chicken B-cell line DT40. Surprisingly, RAD52 ؊/؊ cells were not hypersensitive to DNA damages induced by ␥-irradiation, methyl methanesulfonate, or cis-platinum(II)diammine dichloride (cisplatin). Intrachromosomal recombination, measured by immunoglobulin gene conversion, and radiation-induced Rad51 nuclear focus formation, which is a putative intermediate step during recombinational repair, occurred as frequently in RAD52
The many strategies that have evolved to deal with DNA damage attest to the vital importance of chromosomal integrity to all organisms. Double-strand breaks (DSBs) can lead to immediate cell death if unrepaired or to chromosomal loss or translocation if not repaired correctly. Aside from environmentally induced damage, DSBs of genomic DNA are generated during several biological processes such as meiotic recombination or the development of the vertebrate immune system. Accordingly, the enzymes and systems of DSB repair are of great interest in biology.
The RAD52 epistasis group of genes (RAD50, RAD51, RAD52, RAD54, RAD55, RAD57, RAD59, MRE11, and XRS2) has been defined by the respective Saccharomyces cerevisiae mutants, which are hypersensitive to ionizing radiation and exhibit mitotic and meiotic recombination defects. While phenotypic differences between mutants distinguish between these genes genetically, it is clear that they are constituents of a pathway for the repair of DSB damage by homologous recombination (reviewed in references 10, 22, and 27) . The high degree of conservation of the RAD52 group of genes from yeast to vertebrates (4, 8, 14, 23, 25) suggests a similar role for these proteins. However, while vertebrate RAD54 Ϫ/Ϫ cells reflect the yeast phenotype, namely, extreme sensitivity to ␥-ray and defective recombination (5, 9) , RAD51 deficiency results in the death of vertebrate cells, indicating that Rad51 is essential for cell proliferation (16, 29, 34) .
Rad52 mutants show the most pronounced phenotype among RAD52 epistasis group mutants in S. cerevisiae. Rad52 is essential for an intermediate stage after the formation of DSBs but before the appearance of stable recombinants during gene conversion (26) . Rad52 is also involved in single-strand annealing (13) and other RAD51-independent forms of recombination (30) , which may explain the severe phenotype of rad52 mutants. Recent evidence suggests that both yeast and human Rad52 interact with the respective Rad51 protein, a structural and functional homologue of the well-characterized Escherichia coli RecA protein (25, 26) , during recombination (31) . This interaction facilitates the Rad51 strand exchange reaction (3, 21, 28) , potentially involving Rad52 binding of DNA (3, 18, 27) . To define the role of Rad52 in vertebrate cells, we generated RAD52 Ϫ/Ϫ clones from the chicken B-lymphocyte line DT40, which exhibits highly efficient targeted integration following the transfection of genomic DNA constructs (7).
MATERIALS AND METHODS
Plasmid constructs. The ϳ11-kb genomic chicken RAD52 locus was cloned from DT40 genomic DNA by long-range PCR with the chicken RAD52 cDNA primers 5Ј-tga aag gca agg gaa gga cag tga aag cca tg-3Ј and 5Ј-gtc tgt cca cat tta gtg ttt att ctt gtg tt-3Ј (4), and the positions of the exons and introns were determined by sequencing (Fig. 1) . The His r or Bsr r selection marker genes under the control of the ␤-actin promoter (7) were inserted between the left and right arms derived by PCR amplification of this construct. To make the disruption construct for the rearranged Ig locus, Ig-neo, the Neo r cassette was inserted into the BglI site in the C region of the 13-kb BglII-XbaI fragment from the 18-D-1 clone (24) . The RAD52 expression vector consisted of the EcoRI-SalI fragment of chicken cDNA (4) cloned into pApuroII (15) .
Cell culture, DNA transfections, and sIgM staining. The conditions of cell culture and DNA transfections were described previously (29) . To measure the rate of immunoglobulin (Ig) gene conversion, cells were subcloned and the percentage of surface IgM-positive (sIgM ϩ ) cells in 45 subclones from each genotype was measured as described previously (5) .
Measurement of Rad51 foci. Paraformaldehyde-fixed cells were permeabilized with 0.1% Nonidet P-40 (Sigma) and incubated with rabbit anti-human Rad51 antiserum (33) . Staining was visualized with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG (Santa Cruz), and the cells were mounted under Slow Fade solution (Molecular Probes). All the images were taken by confocal microscopy (MRC-1024; Bio-Rad) and processed with Adobe Photoshop version 4.0J.
Measurement of sensitivity of cells to ␥-rays, MMS, and cisplatin. Serially diluted cells were plated in medium containing methylcellulose and irradiated with a 137 Cs source or treated with methyl methanesulfonate (MMS) (Sigma) or cis-platinum(II)diammine dichloride (cisplatin). Colonies were counted 10 days after treatment. The percent survival was determined relative to the number of colonies from untreated cells.
Measurement of targeted integration frequencies.
To analyze targeted integration events at the ␤-Actin and Ovalbumin loci, the disruption construct DNA for either locus described in reference 7 was transfected into cells and Southern blot analysis was performed following selection of clones resistant to the appropriate antibiotic. To analyze targeted integration events at the rearranged Ig locus, sorter-purified sIgM ϩ cells were transfected with the rearranged Ig-neo disruption construct. G418-resistant cells were selected in bulk populations, and sIgM expression was measured by flow cytometry (7).
RESULTS

Generation of RAD52
؊/؊ mutants. Two RAD52 disruption constructs, RAD52his and RAD52bsr, were generated from an ϳ11-kb genomic PCR product (4) . Targeted integration of these constructs was expected to replace the chicken RAD52 coding sequence for amino acids 137 to 182 (which lie in the conserved N-terminal region implicated in DNA binding [18, 19] ) with the selection markers. The disruption of the RAD52 gene in two independently isolated clones was verified by Southern and Northern blot analyses ( Fig. 1B and C) . These RAD52 Ϫ/Ϫ clones were indistinguishable from wild-type cells with respect to growth rate and cloning efficiency (data not shown).
Effects of Rad52 deficiency on sensitivity to DNA-damaging agents, Rad51 focus formation, and Ig gene conversion. The repair capacity of cells defective in RAD52 was analyzed in a colony survival assay with RAD54 Ϫ/Ϫ cells in parallel as a control. We examined its sensitivity to ionizing radiation and to MMS, as well as to a DNA-cross-linking agent, cisplatin. Repair of DNA lesions induced by cisplatin is known to depend upon both nucleotide excision repair and recombinatorial repair in yeast (12) . RAD54 Ϫ/Ϫ cells showed increased sensitivity to ionizing radiation ( Fig. 2A) and MMS (Fig. 2B) , as reported previously. Rad54 was also required for the repair of cisplatin adducts (Fig. 2C) , implicating the recombinatorial repair pathway in the repair of interstrand cross-linking in vertebrate cells. In marked contrast to rad52 mutants of S. cerevisiae, which are extremely sensitive to DNA-damaging agents, there was no significant difference between wild-type and RAD52 Ϫ/Ϫ DT40 clones in sensitivity to ionizing radiation ( Fig. 2A) . Similarly, the sensitivity of RAD52 Ϫ/Ϫ DT40 cells to MMS or to cisplatin was not significantly increased over those of wildtype (RAD52 ϩ/ϩ ) and heterozygous (RAD52 ϩ/Ϫ ) cells (Fig. 2B and C). These observations indicate that although the recombinational repair pathway is involved in DSB repair in vertebrate cells, it can function in the absence of Rad52.
To monitor the kinetics of recombinational repair, we analyzed the appearance of Rad51 foci in cell nuclei over time after application of ␥-radiation (Fig. 3) . Since Rad51 polymerizes on DNA and promotes in vitro strand exchange (2, 26), a Rad51 focus may reflect an intermediate structure of recombinational repair. The formation of Rad51 foci is observed during meiosis in S. cerevisiae and is abrogated in rad52 mutants (10a). Furthermore, Rad51 foci are also observed in vertebrate cells during the S phase (33) , which implies that Rad51 may be responsible for repairing spontaneous DSBs during the cell cycle (29) . Rad51 foci were induced in DT40 cells by ␥-irradiation in a dose-dependent manner (data not shown), as previously reported for mammalian cells (11) . We found no significant difference between RAD52 Ϫ/Ϫ and wildtype cells with respect to the number of Rad51 foci in cycling cells and to the kinetics of Rad51 focus formation following ␥-irradiation. This observation, along with the capacity of RAD52 Ϫ/Ϫ cells to withstand ␥-radiation, indicates that DSB repair occurs efficiently in the absence of Rad52.
In a manner similar to the process of B-cell diversification in the bursa of Fabricius, DT40 continues to diversify its Ig light ()-chain locus by gene conversion, with pseudogenes serving as donors (6) . To analyze such intrachromosomal recombination, RAD52 Ϫ/Ϫ clones were generated from an sIgM Ϫ variant of DT40, clone 18, containing a frameshift in its rearranged V segment in the light-chain locus. Since this frameshift mutation can be repaired by overlapping gene conversion events leading to reexpression of sIgM, the rate of Ig gene conversion can be assessed by measuring the percentage of sIgM ϩ revertants (6). We measured the average percentage of sIgM ϩ revertants of 45 subclones each from the wild-type and the two RAD52 Ϫ/Ϫ clones and found no difference between these clones (the reversion rate was 2.48 ϫ 10 Ϫ3 for the wild type and 2.40 ϫ 10 
FIG. 3. Immunofluorescent visualization of Rad51. At the time indicated after 8-Gy ␥-irradiation, wild-type and RAD52
Ϫ/Ϫ cells were analyzed. Controls were stained with normal rabbit serum followed by FITC-conjugated anti-rabbit IgG and are overexposed relative to the experimental frames. fection efficiencies during these experiments were comparable, the averages of targeted integration frequencies at this locus in triplicate experiments were consistently lower (ca. threefold) in RAD52 Ϫ/Ϫ clones than in the wild type. The expression of RAD52 cDNA restored targeted integration to wild-type levels in the two RAD52 Ϫ/Ϫ clones (Table 1) . Similarly, the disruption of RAD52 caused a four-to eightfold reduction of the targeted integration frequency at the ␤-Actin locus when a ␤-Actin targeting construct was used (7). This frequency was partially restored in a reconstituted clone (RAD52R-1), which expressed the RAD52 cDNA transcript at a level ca. 10-fold higher than that in wild-type DT40 cells (data not shown), confirming that Rad52 is involved in the targeted integration of transfected genomic DNA constructs (Table 1) . While RAD52 Ϫ/Ϫ clones showed a marked reduction in targeted integration frequencies at the ␤-Actin and Ig loci, the targeted integration frequency at the Ovalbumin locus was reduced only to ϳ85% of the wild-type levels (with some variation depending on the construct and locus in question). Taking all loci together, there is a significant reduction in targeted integration frequency between wild-type and RAD52 Ϫ/Ϫ clones (P Ͻ 0.05, Dunnett's multicomparison test). This reduced efficiency of targeted integration events has been also observed in murine embryonic stem (ES) cells deficient in RAD52 (24a).
DISCUSSION
The above data demonstrate that Rad52 is not required for the repair of induced DSBs, Rad51 focus formation, or intragenic Ig gene conversion. Similarly, X-ray sensitivity was not increased in RAD52-deficient ES cells or mutant mice (24a). These results are perhaps surprising, given the severe phenotype associated with mutation of the RAD52 gene in S. cerevisiae. Furthermore, while the rad51, rad52, and rad54 mutants of S. cerevisiae exhibit similar defects in both DNA repair and recombination, we and other groups have revealed that RAD51-, RAD52-, and RAD54-deficient DT40 cells display quite distinct phenotypes, as do the corresponding murine ES cell mutants (5, 9, 16, 29, 34) . A further example of such differences is found in Schizosaccharomyces pombe, where mutation of the RAD51 and RAD54 homologues, rhp51 ϩ and rhp54 ϩ , leads to similar hypersensitivity to radiation and targeted integration deficiency, whereas deficiency in the RAD52 homologue, rad22 ϩ , has a less severe effect (20) . There are a number of possible explanations for the difference in phenotypes resulting from the deficiency of RAD52 homologues between S. cerevisiae and vertebrate cells, and these explanations are not mutually exclusive. There may be as yet undescribed vertebrate homologues of RAD52, which might compensate for the absence of Rad52. The recent description of S. cerevisiae RAD59, a homologue of RAD52, and its role in intrachromosomal recombination (1) suggests that other vertebrate RAD52 homologues remain to be defined. However, neither low-stringency Southern hybridization nor PCR with degenerate primers encompassing the most highly conserved N-terminal region identified any RAD52 homologue in chicken genomic DNA or cDNA, respectively. Nevertheless, a complex of Rad55 and Rad57 has been shown to act similarly to Rad52 in facilitating strand exchange by Rad51 in the presence of replication protein A in vitro (32) , suggesting that any putative Rad52 homologue which is responsible for this Rad51-dependent function of Rad52 may be a functional but not necessarily a structural homologue.
In addition, the precise mechanism for recombinational repair may differ between vertebrate and yeast species. Accordingly, the relative contributions of Rad51, Rad52, and Rad54 homologues to recombinational repair may not be identical, explaining the observed weaker phenotype of the RAD52-deficient vertebrate cells compared to RAD51-and RAD54-deficient cells. RAD52 Ϫ/Ϫ DT40 clones showed a significant decrease in the frequency of targeted integration at the Ig and ␤-Actin loci while showing normal sensitivity to ␥-rays and MMS, in agreement with observations on RAD52-deficient murine ES cells. DSB repair in DT40 cells relies on recombinational repair, as shown by the severe effects of RAD54 deficiency (5) . While the absence of such hypersensitivity to DSBs implies a secondary role for Rad52 in recombinational repair, recombination of transfected DNA with genomic sequences may be a more subtle method to define the involvement of Rad52 in homologous recombination than is a survival assay. Recent in vitro studies of strand exchange reactions have indicated that Rad52 is required during the critical, early steps in genetic recombination (3, 21, 28) . Since the DNA structure is known to play a role in determining the genetic requirements for yeast recombination in vivo (30) , the in vitro reaction may reflect the homologous recombination of transfected plasmid DNA rather than the recombinational repair of chromosomal DNA. Rad52 may facilitate targeted integration by specifically interacting with transfected targeting construct DNA, which might explain the results obtained in the gene-targeting experiments above. Further genetic studies with knockout mouse and DT40 technology may help to clarify the relationships in the complex mechanism(s) of recombination and chromosomal maintenance.
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